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Pili annulati, a rare hair shaft abnormality with a characteristic shiny appearance due to alternating light and dark
bands of the hair, is assumed to be inherited in an autosomal dominant mode with high penetrance. A locus for pili
annulati has not been found yet. We identiﬁed one large and four small European kindreds with pili annulati and
conducted a genomewide linkage analysis using 382 microsatellite markers. A multipoint logarithm of the odds
(LOD) score of 3.19 was demonstrated between D12S1659 and D12S1723 on the telomeric part of the long arm of
chromosome 12. Subsequent ﬁnemapping in a region of 20 cM gave a maximum multipoint LOD score of 3.24 at
D12S1723 under the assumption of homogeneity and a LOD score of 3.57 around D12S343 under the assumption of
heterogeneity, both exceed the statistical thresholds necessary to conclude linkage. Most of this LOD score came
from the largest family, which reached a maximum LOD score of 3.81. The maximum two-point LOD score for all
families was 3.97 at D12S1609. Definite recombination events narrowed the region of shared haplotype in the
affected individuals to an 8 Mb region between the marker D12S324 and the telomeric end of the long arm of
chromosome 12.
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Pili annulati is a rare hair shaft abnormality with a charac-
teristic shiny appearance due to alternating light and dark
bands of the hair shaft. The light bands seen by the unaided
eye correspond to the dark bands seen by light microscopy.
They are due to air-filled cavities within the cortex of the hair
shaft, which has been confirmed by scanning and trans-
mission electron microscopy (Price et al, 1968; Gummer
and Dawber, 1981). Pili annulati is considered to be an au-
tosomal dominant disorder, but sporadic cases have also
been described (Dawber, 1997). The range of clinical ex-
pression varies along the hair shaft and between different
hairs of one individual (Giehl et al, 2004a). There are few
complications, if any, associated with pili annulati and sub-
tle features may frequently cause the diagnosis to be over-
looked. In most cases, the scalp has been reported as the
affected site. A differential diagnosis with similar banding of
the hair shaft is pseudopili annulati, which is due to periodic
twisting and an elliptic shape in cross sections of the hair
shafts (Price, 1970). Pseudopili annulati can easily be ex-
cluded by light microscopy. Since the first report in 1866 by
Landois (Landois, 1866), not more than 50 reports about pili
annulati have been published. The pathogenesis remains
unclear, but so far it was thought to be caused by an un-
derlying cytokeratin abnormality (Gummer and Dawber,
1981; Ito et al, 1988) or matrix formation defect (Musso,
1970). The underlying molecular defect of pili annulati is still
unknown but recent work on hair follicle morphology (Giehl
et al, 2004b) suggests that it may well arise through a defect
of a regulatory protein affecting the assembly of structural
proteins in the extracellular matrix. Here we report on
linkage of a gene locus for pili annulati to chromosome
12q24.32–24.33.
Results and Discussion
We identified one large and four small kindreds of European
origin that were suitable for linkage analysis. Pili annulati
phenotype was determined clinically and on light micros-
copy. Diagnosis was based on the presence of dark bands
in light microscopy, which corresponded to the alternating
light bands clinically (Fig 1). All examined individuals had
hair longer than 2 cm except for individuals 20798 and
18966 (approx. 1 cm length). For the linkage analysis, their
affection status was coded as unknown because of the
difficulty of asserting a definite phenotype. In summary, 20
individuals of five families were classified as affected, 17 as
unaffected and two as unknown. Segregation of pili annulati
was compatible with an autosomal dominant mode of in-
heritance in all pedigrees. The genomewide linkage analysis
was performed using 19 affected, one unknown and 11 un-
affected individuals from five families. For finemapping, one
affected, one unknown and six unaffected individuals were
included.
We carried out a genomewide linkage analysis using 382
microsatellite markers covering 22 autosomes. For linkage1These authors contributed equally to this work.
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analysis, we assumed an autosomal dominant model
(q¼ 0.0001, f1¼0.003, f2¼ f3¼ 0.95). Initial evidence of
linkage to pili annulati was obtained at the telomeric part
of the long arm of chromosome 12. For the multipoint anal-
ysis, we divided family 1 into two parts in order to be able
to use the Lander–Green algorithm implemented in GENE-
HUNTER and ALLEGRO. A multipoint LOD score of 3.19
was achieved between the markers D12S1659 and
D12S1723 (a¼1). The next best LOD score was 1.59 in
between the markers D1S218 and D1S238 (under the as-
sumption of heterogeneity 1.61). Pairwise linkage analysis
resulted in a LOD score of 3.55 at D12S1659 (y¼0).
We then decided to finemap the 20 cM telomeric region
of significance on chromosome 12. Seven additional mark-
ers were added to the study. The markers used for fine-
mapping were D12S324, D12S1675, D12S1679, D12S1609,
D12S834, D12S1659, D12S1714, D12S367, D12S343, and
D12S1723 (markers from the genome screen are in bold).
Table I shows two-point LOD scores, the maximum being
reached at marker D12S1609 (zmax¼3.97 at y¼ 0) for the
combined families. Figure 2 shows multipoint LOD scores in
a region of 35 cM with 11 markers. The multipoint LOD
score under homogeneity was 3.24 at D12S1723, and was
3.57 under heterogeneity around D12S343. Both of these
exceed the respective thresholds necessary to conclude
linkage and thus establish linkage to chromosome
12q24.32–24.33. Most of the LOD score came from family
1, which reached a maximum LOD score of 3.81 using AL-
LEGRO applied on the split pedigree (Fig 2). We also tested
whether errors were introduced in the analysis by splitting
the pedigree 1 for the ALLEGRO analysis. To this end, we
calculated three-point, four-point, and five-point LOD
scores with VITESSE and found the results to be very sim-
ilar to the results of ALLEGRO, with the small exception that
the maximum five-point LOD score reached was just be-
yond 4, indicating a minor loss of power due to the splitting.
Two additional families (families 2 and 3) reached slightly
positive LOD scores, whilst families 4 and 5 were below 1.
A formal test for heterogeneity failed to reject the hypothesis
of homogeneity (w2¼1.495, p¼0.11). However, families 4
and 5 might still represent genetic locus heterogeneity.
Haplotype analysis of the affected members in pedigree
1 was performed with ALLEGRO and was used to confine
the interval of the linked region (Fig 3). A recombination
Figure 1
Clinical and light microscopic feature of pili annulati. (a) Gross ex-
amination of scalp hair of a 30-year-old affected female from family 3
with typical speckled shiny appearance. (b) The dark bands seen by
light microscopy correspond to the bright bands seen by gross exam-
ination. They are due to air-filled cavities within the cortex.
Table I. Parametric two-point LOD scores for the combined families under the assumption of homogeneity (a¼ 1)
Marker
LOD score at a recombination fraction of
Physical distance Genetic distance0.00 0.01 0.05 0.1 0.2 0.3 0.4
D12S86 8.61 5.46 2.73 1.53 0.55 0.20 0.08 117,582,275 146.9
D12S324 3.48 1.50 0.05 0.53 0.61 0.36 0.09 124,237,046 160.6
D12S1675 0.51 0.05 0.51 0.61 0.51 0.31 0.12 126,496,170 166.0
D12S1679 0.07 0.47 0.88 0.90 0.64 0.32 0.09 127,116,253 167.7
D12S1609 3.97 3.88 3.49 2.99 1.99 1.03 0.29 127,404,981 168.9
D12S834 0.41 0.96 1.29 1.24 0.90 0.49 0.14 127,671,007 171.0
D12S1659 3.55 3.46 3.10 2.65 1.76 0.95 0.32 127,769,507 171.2
D12S1714 2.00 2.48 2.69 2.48 1.74 0.93 0.28 128,174,914 173.3
D12S367 1.96 1.33 0.72 0.42 0.12 0.00 0.03 128,320,527 173.3
D12S343 1.33 1.83 2.07 1.91 1.29 0.64 0.16 129,157,846 177.1
D12S1723 1.29 1.26 1.12 0.93 0.59 0.30 0.09 130,315,835 180.1
Genetic and physical map distances were obtained from MAP-O-MAT.
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event in individual 18831 placed the disease locus distal to
D12S86, a recombination in individual 18739, distal to
D12S324. The 20 cM candidate region extends over 8 Mb
between the marker D12S324 and the telomeric end. Ac-
cording to the human genome assembly (build 34, July
2003), this region contains 48 Ensembl genes with roughly
474 exons. We have begun screening the genes for muta-
tions, prioritized on the basis of their expression in epider-
mal tissue. The identification of the gene mutated in pili
annulati should lead to a better understanding of the mo-
lecular mechanisms involved in hair shaft development.
Materials and Methods
Clinical studies All family members gave written informed consent
before participating in this study and experiments were performed
under institutional approval including adherence to the Declaration
of Helsinki principles. The five pedigrees studied were of Italian
(family 1 and family 2), German (family 3 and family 5) and British
(family 4) origin. All family members gave informed consent before
participating in this study. Blood samples and hair from the scalp
was taken from 39 individuals of five families. Hair samples were
obtained by cutting 50 or more hairs at the scalp surface. To es-
tablish the phenotype, the hair shafts of the scalp were assessed
clinically and by routine transilluminated light microscopy of all
family members participating in this study. The samples of 20 or
more hairs were mounted in air and then in water before exam-
ination. The phenotype of the unavailable or deceased individuals
were assessed through family history. The clinical features and light
microscopic findings of three pedigrees (families 3–5) have been
described in detail elsewhere (Giehl et al, 2004a).
Genetic studies Genomic DNA was isolated from peripheral
lymphocytes according to standard protocols. Genomewide
Figure 2
Multipoint linkage analysis of 35 cM of the
telomeric end of the long arm of chromo-
some 12. The analysis was performed with AL-
LEGRO (q¼0.0001, f1¼ 0.003, f2¼ f3¼ 0.95).
The analysis includes affected and unaffected
family members. Family 1 was divided into two
parts in order to fit the number of bits to the
requirements of ALLEGRO. Depicted are sum-
mary LOD scores allowing for heterogeneity, and
assuming homogeneity (black lines) and LOD
scores for single pedigrees (gray lines).
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genotyping was performed using the linkage mapping set MD10
v2.0 (Applied Biosystems, Foster City, California) consisting of 382
autosomal markers with an average marker spacing of 10 cM. PCR
products were analyzed as pools of different markers on an ABI
PRISM 3100 sequencer and results were processed by Gene-
mapper software (Applied Biosystems). CEPH pedigree member
1347-02 was included as control for allele sizing and genotyping
accuracy. PedCheck1.1 was used to detect Mendelian or geno-
typing errors (O’Connell and Weeks, 1998). If mistyping was not
resolved by review of the electropherogram, the suspected gen-
otypes were set to be unknown.
The map positions of the markers in the MD10 set were
obtained from the CHLC/ABI Prism Integrated Genetic Map (sex-
averaged). For finemapping of chromosome 12q24, seven addi-
tional markers were used. The map position of these markers were
obtained by calculating the arithmetic mean of the sex-specific
distances taken from the Genetic Location Database (Collins et al,
1996), through use of MAP-O-MAT version 1.1 (Lander and Green,
1987; Matise and Gitlin, 1999).
We assumed an autosomal dominant model for the analysis.
Penetrances were set at 95%. The frequency of the deleterious
allele was set at 0.0001, the phenocopy rate at 0.003. Linkage
analysis was performed using MLINK (version 5.1) (Lathrop et al,
1984) for pairwise and ALLEGRO (version 1.1d) (Gudbjartsson et al,
2000) and VITESSE (O’Connell and Weeks, 1995) for multipoint
LOD scores. For the genomewide scan, frequencies of marker all-
eles were estimated based on our database of genotyped individ-
uals, which comprises approximately 200 individuals, mostly of
Caucasian origin. For the finemapping they were based on the
individuals genotyped within this project. We applied the admixture
test (Smith, 1963; Ott, 1983) as implemented in HOMOGC for
testing against linkage homogeneity.
Figure 3
Haplotype analysis of the chromosome 12q24 region. Allele data for 13 markers in this region are shown for pedigree 1. The affected individuals
with recombination events that narrow the shared haplotype to the distal part of the long arm of chromosome 12 are indicated by arrows. Roman
numerals indicate how the pedigree was divided for the multipoint linkage analysis. Open symbols indicate unaffected, blackened symbols affected
individuals, and gray symbols individuals of unknown status. Inferred genotypes are given in parentheses.
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Appendix: Electronic-database information The URLs
for data presented herein are as follows:
 Genetic Location Database: http://cedar.genetics.soton.
ac.uk/public_html/LDBmain.html
 MAP-O-MAT: http://compgen.rutgers.edu/mapomat
 HOMOGC: ftp: // ftp.ebi.ac.uk /pub /software / linkage_and_
mapping/statgen/dcurtis/table17.zip
 Ensembl: http://www.ensembl.org
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